Introduction {#Sec1}
============

The seed consists of three major compartments, the embryo, endosperm, and seed coat, that originate from different cells of the ovule and possess different complements of maternal and paternal genomes (Bewley and Black [@CR3]; Ohto et al. [@CR28]). Seed development proceeds through two distinct phases during which growth of the three compartments is coordinated. During the early morphogenesis phase, the embryo undergoes a series of differentiation events in which the plant body plan is established with formation of the embryonic tissue and organ systems. It is also during this phase that the endosperm mother cell initially undergoes nuclear divisions without cytokinesis to form a syncytium (Brown et al. [@CR7]). Syncytial nuclei are sequestered into individual endosperm cells through the process of cellularization, and the endosperm continues to grow through periclinal cell divisions at the periphery of the endosperm. Later in embryogenesis during the maturation phase, the embryo and endosperm accumulate reserves such as storage lipids and proteins, and the embryo acquires the ability to withstand desiccation (Harada [@CR14]; Vicente-Carbajosa and Carbonaro [@CR36]). In plants such as *Arabidopsis thaliana* (L.) Heynh, the endosperm is largely consumed by the developing embryo such that only a few endosperm cell layers remain in the mature seed.

The final size or mass attained by a seed is influenced by a variety of cellular processes. One pathway involves parent-of-origin effects on seed size. Interploidy crosses between diploid and polyploid plants produce offspring with an excess of either maternal or paternal genomes, which cause an under- or over-proliferation of endosperm nuclei, an acceleration or delay in the onset of endosperm cellularization, and the production of smaller or larger seeds, respectively (Haig and Westoby [@CR13]; Scott et al. [@CR34]). Reciprocal crosses of wild-type plants with hypomethylated plants defective in the expression of *MET1*, encoding a DNA methyltransferase, phenocopies interploidy crosses (Adams et al. [@CR1]), suggesting that parent-of-origin effects involve DNA methylation. A second pathway involves genes, including *IKU* and *MINI3*, expressed in the endosperm that act to control endosperm growth and seed size. A third potential pathway involves genes that act in the maternal sporophyte to influence seed size, including *AP2*, *TTG2*, and *ARF2*. Loss-of-function mutations in *TTG2* and *ARF2* affect the lengths and number of integument cells of the ovule, respectively (Garcia et al. [@CR12]; Schruff et al. [@CR32]), and the influence of these genes on seed size has been primarily attributed to their effect on the size of the postfertilization embryo sac.

AP2 (APETALA2), the defining member of the AP2 DNA binding domain class of transcription factors (Jofuku et al. [@CR18]), is involved in controlling seed size (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). *AP2* was identified originally as a gene required to specify floral organ and floral meristem identity and to control ovule and seed coat development (Kunst et al. [@CR21]; Irish and Sussex [@CR17]; Bowman et al. [@CR5], [@CR6]; Schultz and Haughn [@CR33]; Okamuro et al. [@CR29]). Although its most conspicuous functions are in flower development, *AP2* RNA is detected in seedlings, leaves and stems in addition to flowers, suggesting its function in other processes (Jofuku et al. [@CR18]). Loss-of-function mutations in *ap2* affect seed mass maternally, although it has been suggested that *AP2* acts in the endosperm to influence seed size (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). The *ap2* mutation causes an increase in both the number and size of cells in the mature embryo and in the accumulation of storage proteins and lipids in mutant seeds when compared with wild type. We showed previously that AP2 also affects sugar composition in seeds and hypothesized that differences in the hexose to sucrose ratio in wild-type and *ap2* mutant seeds might underlie, in part, the large seed phenotype (Ohto et al. [@CR27]).

To obtain clues about the mechanisms by which AP2 controls seed size, we analyzed seed development in the *ap2* mutant. We expanded on previous studies that analyzed the effects of the *ap2* mutation on mature, dry seeds (Jofuku et al. [@CR19]; Ohto et al. [@CR27]) and showed that AP2 has a major effect on the early phase of endosperm development and on the size of the postfertilization embryo sac into which the embryo will grow. We show further that AP2 affects the timing of embryo development and influences cell proliferation and the timing of the maturation phase in the seed. The influence of these processes on seed size is discussed.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

A strong *ap2* mutant allele, *ap2-7* (Kunst et al. [@CR21]), was used for all experiments. *ap2-7* and transgenic plants carrying *βCG:GUS* (Hirai et al. [@CR15]) and *CycB1;1:GUS* (Colon-Carmona et al. [@CR8]) are of the Columbia ecotype, whereas the transgenic plant with *OLE:GUS* is of the C24 ecotype (Kwong [@CR22]). The *met1-6* mutation in the Col-*gl* ecotype was introgressed into the Columbia ecotype with six backcrosses (Xiao et al. [@CR41]). For all experiments, wild-type and *ap2* plants were grown together for the same period of time at 22°C under continuous light.

Seeds were staged by days after hand pollination of emasculated flowers according to procedures described previously (Ohto et al. [@CR27]). Pollinations for transgene assays were done between male plants homozygous for *βCG:GUS*, *CycB1;1:GUS* or *OLE:GUS* and non-transgenic wild-type or *ap2* females, unless otherwise indicated.

Microscopy {#Sec4}
----------

Developing seeds dissected from siliques were dehydrated in ethanol and cleared with methyl salicylate (West et al. [@CR40]). One DAP, ovules were considered to be fertilized if they contained embryos with two or more cells and/or endosperm with two or more nuclei. To observe endosperm nuclei using differential interference contrast microscopy, seeds at 6 DAP were fixed in ethanol:acetic acid (3:1) for 1 h, rehydrated in an ethanol series, and cleared in Hoyer's solution. At 1--5 days, seeds were cleared in Hoyer's solution (Ohto et al. [@CR27]). To count endosperm nuclei, optical sections of the entire endosperm at 7--10-μm intervals were photographed. The positions of endosperm nuclei were marked on a plastic sheet to monitor their positions.

For plastic sections, siliques were cut transversely into two pieces and fixed in triple fixative (100 mM PIPES, 10 mM EGTA, 2 mM MgSO~4~, pH 6.8, with 1% paraformaldehyde, 1.5% glutaraldehyde and 4% acrolein). Fixed tissues were rinsed with PIPES buffer and subsequently dehydrated through an ethanol series to 75% ethanol and stored at 4°C until needed. Following dehydration to 95% ethanol, tissues were embedded in plastic, sectioned at 5-μm thickness and stained with toluidine blue as described previously (Floyd et al. [@CR10]). Serial sections through three to four siliques were analyzed for each seed stage and genotype.

The areas within cleared or sectioned seeds were measured using NIH IMAGE analysis software (<http://rsbweb.nih.gov/nih-image/>). Seed sizes from crosses with *met1* mutant males are the sum of the width and length of developing 13 DAP seeds.

GUS activity was analyzed histochemically as described previously (Dietrich et al. [@CR9]). Tissues were incubated in the dark for 12 h at 37°C. Embryos and endosperm/seed coat were separated before staining. Stained material was fixed, rehydrated, and cleared in Hoyer\'s solution. GUS staining intensities shown in Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"} were determined empirically.

In vitro culture of embryo and endosperm with sugars {#Sec5}
----------------------------------------------------

Embryos from 15 to 20 seeds from the same silique were cultured in basal media (Millerd et al. [@CR25]) containing either high hexose (75 mM glucose, 75 mM fructose and 15 mM sucrose) or high sucrose (110 mM sucrose). Embryos were cultured under continuous light at 22° C for 3 days.

Results {#Sec6}
=======

Seed size comparison during development of *ap2* and wild-type seeds {#Sec7}
--------------------------------------------------------------------

We compared developmental changes in the morphology and size of *ap2* mutant and wild-type seeds to identify factors that cause *ap2* seeds to become larger than wild type. Figure [1](#Fig1){ref-type="fig"}a--m shows longitudinal sections through cleared seeds, and Fig. [1](#Fig1){ref-type="fig"}n summarizes quantitative changes in wild-type and *ap2* seed sizes. *ap2* and wild-type seeds first display a significant size difference at 7 DAP. *ap2* and wild-type seeds both underwent an early rapid phase of seed growth that was followed by a moderate growth phase. However, the rapid growth period was extended in *ap2* mutants relative to wild type (Fig. [1](#Fig1){ref-type="fig"}n), resulting in the larger size of *ap2* seeds. The *ap2* mutation also caused a significant change in seed shape. At 7 DAP, the length to width ratios of *ap2* and wild-type seeds were 1.03 ± 0.15 (*n* = 30) and 1.71 ± 0.15 (*n* = 40, *P* \< 0.001), respectively, indicating that *ap2* seeds are more round in shape than wild type. Thus, the altered shape and larger mass of *ap2* seeds is determined, at least in part, early in seed development.Fig. 1*ap2* mutation causes changes in embryo and seed development. Optical sections through developing wild-type (**a**--**e**, **k**) and *ap2* seeds (**f**--**j**, **l**, **m**) at the indicated DAP. Seeds from three to five siliques at each time point were harvested, fixed and cleared and representative optical sections are shown. **n** Average maximal size (area) through developing seeds calculated using imaging software. Each value represents the mean obtained from measurement of 30--45 seeds and standard deviations. *Bars* = 100 μm

Effects of AP2 on embryo development {#Sec8}
------------------------------------

An unexpected feature of *ap2* seed development was that morphological development of embryos was initially slower than wild type (Fig. [1](#Fig1){ref-type="fig"}a--c, f--h). Analysis of cleared seeds showed that the percentage of fertilized *ap2* and wild-type seeds was similar at 1 DAP (64.5%, *n* = 161, and 60.5%, *n* = 124, respectively; see "[Materials and methods](#Sec2){ref-type="sec"}"), suggesting female gametophytes of both genotypes were fertilized with similar efficiencies. Figure [2](#Fig2){ref-type="fig"} shows that morphological development of *ap2* embryos was delayed soon after fertilization. At 2 DAP, *ap2* embryos were at the one to four-celled embryo-proper stage, whereas wild-type embryos were at the two to eight-celled embryo-proper stage (Fig. [2](#Fig2){ref-type="fig"}a). The delay in embryo morphogenesis was also observed at 3, 4 and 5 DAP (Fig. [2](#Fig2){ref-type="fig"}b--d), although no obvious difference in the cellular arrangement of *ap2* and wild-type embryos was apparent (Fig. [1](#Fig1){ref-type="fig"} and data are not shown). The slower rate of *ap2* embryo development was confirmed in several independent experiments. Reciprocal crosses showed the rate of embryo development was determined by the female rather than male genotype (Fig. [2](#Fig2){ref-type="fig"}a--d). For example, embryos derived from a cross between homozygous *ap2* mutant females and wild-type males developed at a similar rate as do the embryos from self-crossed *ap2* homozygous mutant plants. These results indicate that *AP2* affects embryo development maternally and that the delay in morphological development of *ap2* embryos occurs soon after fertilization at the earliest stages of embryo development.Fig. 2Morphological development of embryos is delayed in *ap2* mutants. **a**--**d** Percent of embryos at a particular morphological stage at the indicated DAP. Developing seeds were harvested at 2--5 DAP, cleared and staged. For each cross, three to six siliques were harvested at each time point. After the eight-celled, embryo-proper stage, embryo morphology was classified into five subclasses of globular stage, three subclasses each of transition and heart stages, and two of torpedo stage. **e** Number of seeds analyzed in (**a**--**d**). *EP* embryo proper

Because morphological development of *ap2* embryos was delayed, mutant embryos were smaller than wild type at the same DAP until approximately 8--9 DAP when both were at the bent-cotyledon stage (Fig. [1](#Fig1){ref-type="fig"}d, i). By 11--12 DAP, wild-type embryos were essentially at their final size (Fig. [1](#Fig1){ref-type="fig"}k), whereas *ap2* embryos continued to grow in size until approximately 14--15 DAP (Fig. [1](#Fig1){ref-type="fig"}m). *ap2* and wild-type embryos completely filled the postfertilization embryo sac at 19.9 ± 0.9 DAP and 17.5 ± 0.5 DAP, respectively. Thus, *ap2* embryos develop similar to wild type during the morphogenesis phase except for the slow rate of cell proliferation before 8 DAP, and they continue to grow for a longer period of time than wild type after 8 DAP.

AP2 affects early endosperm development {#Sec9}
---------------------------------------

The precocious increase in *ap2* seed size and delayed development of *ap2* embryos relative to wild type early in seed development suggested a role for the endosperm in determining *ap2* seed size. We analyzed histological sections through *ap2* and wild-type seeds and identified similarities between the overall patterns of *ap2* and wild-type endosperm development, as shown in Fig. [3](#Fig3){ref-type="fig"}. For example, endosperm of both genotypes possessed a large central vacuole early in seed development (Fig. [3](#Fig3){ref-type="fig"}a, b and e, f), developed initially as a syncytium (Fig. [3](#Fig3){ref-type="fig"}a, b and e, f), cellularized as a wave from the micropylar to the chalazal pole (Fig. [3](#Fig3){ref-type="fig"}b, c, i and g, h, j--l), retained a small region that remained uncellularized (Fig. [3](#Fig3){ref-type="fig"}i and l) and underwent periclinal cell divisions that began in the micropylar pole and expanded into the peripheral region (Fig. [3](#Fig3){ref-type="fig"}n--p).Fig. 3*ap2* mutation affects the timing of endosperm cellularization and endosperm central vacuole size. Longitudinal sections through wild type (**a**--**d**, **i**) and *ap2* mutants (**e**--**h**, **j**--**p**) seeds at the indicated DAP. Seeds (**a**--**m**) are oriented with the micropyle on the *left*. Embryo stages are as follows: **a** early transition; **b** mid-heart; **c** early-linear cotyledon; **d** early-bent cotyledon; **e** early-globular; **f** mid transition; **g** late heart; **h** early-linear cotyledon; **i** mid-linear cotyledon; **j** early or mid-linear cotyledon; **k**, **l** late-linear cotyledon; **m** late-bent cotyledon. **n**--**p** Enlargement of part of (**g**), (**j**) and (**m**), respectively. *Arrowheads* show endosperm nuclei. *CE* chalazal endosperm, *CV* central vacuole, *EM* embryo. *Bar* = 100 μm

A major feature distinguishing *ap2* and wild-type endosperm development was the size and persistence of the central vacuole. In comparing *ap2* and wild-type seeds at the same DAP (Fig. [3](#Fig3){ref-type="fig"}c and g, d and h, i and j) or at the same embryo stage (Fig. [3](#Fig3){ref-type="fig"}c and h), the size of the *ap2* endosperm central vacuole was larger than that of wild type. Figure [4](#Fig4){ref-type="fig"} shows the cross-sectional area of the *ap2* and wild-type endosperm central vacuole was maximal at 6 and 5 DAP, respectively, and the *ap2* central vacuole was approximately twice the area of wild type. Figures [3](#Fig3){ref-type="fig"}d, i and k, l and [4](#Fig4){ref-type="fig"} show that the *ap2* endosperm central vacuole persisted for a longer period of time than wild type. Thus, central vacuole size correlates with endosperm size in the two genotypes.Fig. 4Central vacuole of ap2 endosperm is larger than wild type. Maximal central vacuole cross-sectional area was measured from serial sections through seeds similar to those shown in Fig. [3](#Fig3){ref-type="fig"}. Mean values and standard deviations are plotted

A second difference was that cellularization of the *ap2* endosperm syncytium began and ended later in development than wild type. *ap2* endosperm cellularization initiated when embryos were at the middle-heart stage at approximately 6 DAP (data not shown, Fig. [3](#Fig3){ref-type="fig"}g shows cellularization in late-heart stage seeds), whereas wild-type endosperm cellularization began when embryos were at the early-heart stage (data not shown, Fig. [3](#Fig3){ref-type="fig"}b shows cellularization at the mid-heart stage) at 5 DAP. Endosperm cellularization was essentially complete in *ap2* and wild-type seeds containing bent-cotyledon stage embryos at 9 and 7 DAP, respectively (Fig. [3](#Fig3){ref-type="fig"} m and d; Table [1](#Tab1){ref-type="table"}). Together, these results indicate endosperm size, particularly vacuole volume, and the delay in endosperm cellularization correlate closely with *ap2* seed size relative to wild type.Table 1*ap2* endosperm cellularizes later than wild typeGenotypeDAPNoneExtent of endosperm cellularization^a^EarlyMiddleLateComplete*n*WT4100 (a)^b^000039*ap2*4100 (e)000061WT50100 (b)00062*ap2*5100 (f)000068WT6031054 (c)33 (i)70*ap2*61387 (g)00091WT70000100 (d)51*ap2*7143 (h)50 (j)6074^a^Values indicate the percentage of seeds at the indicated stage of endosperm cellularization^b^Corresponds to the indicated panel in Fig. [3](#Fig3){ref-type="fig"}

A final difference between *ap2* and wild-type endosperm is their cell size. The average cross-sectional area of *ap2* and wild-type endosperm cells at 7 DAP was 1,030 ± 145 μm^2^ (*n* = 832, 13 seeds) and 740 ± 66 μm^2^ (*n* = 355, 5 seeds), respectively. The ratio of *ap2* to wild-type endosperm cell area was similar to the corresponding ratio of embryo cell area determined previously (1.4 and 1.3, respectively; Ohto et al. [@CR27]). Together, these results suggest that changes in endosperm development account, in part, for the effect of the *ap2* mutation on seed size.

We investigated how the seed coat contributes to changes in *ap2* seed size and showed that the average length of seed coat epidermal cells in *ap2* and wild-type seeds at 8 DAP were 41 ± 4.3 and 30 ± 3.6 μm, respectively. This result suggests that *ap2* integument cells were elongated relative to wild type.

*ap2* mutation causes a delay in the onset of seed maturation in the embryo and endosperm {#Sec10}
-----------------------------------------------------------------------------------------

We monitored the activities of GUS reporter genes fused with the promoters of genes encoding the α' subunit of soybean β-conglycinin (*βCG:GUS*; Hirai et al. [@CR15]) and the lipid-body protein, oleosin (*OLE:GUS*; Kwong [@CR22]) to determine whether AP2 affects the timing of the onset of the maturation phase. The promoters are active predominately during the maturation phase of seed development in *Arabidopsis*, and their activities are markers for this phase.

Dissected embryos and the remaining endosperm/seed coat fractions were stained separately for GUS activity. GUS staining was first detectable in wild-type (Fig. [5](#Fig5){ref-type="fig"}a, e) and *ap2* (Fig. [5](#Fig5){ref-type="fig"}c, h) embryos containing the *βCG:GUS* gene at 8 and 9 DAP, respectively, and was intense in embryos at 9 and 10 DAP, respectively (Fig. [5](#Fig5){ref-type="fig"}b, g and d). The 1-day difference between the start of GUS staining in wild-type and *ap2* embryos was observed in replicate experiments, although staining began at 9 and 10 DAP, respectively, in some experiments. Similar results were obtained with embryos containing the *OLE:GUS* transgene. As shown in Fig. [5](#Fig5){ref-type="fig"}i--k, the oleosin promoter became active in *ap2* embryos approximately 1 day later than wild type. We also showed that the *ap2* mutation affects the onset of the maturation phase in endosperm. The endosperm/seed coat fraction from *βCG:GUS* and *OLE:GUS* seeds stained approximately 1 day later in *ap2* versus wild-type genotypes (Table [2](#Tab2){ref-type="table"}). These results suggest the *ap2* mutation causes an approximately 1-day delay in initiation of the maturation phase in both embryos and endosperm.Fig. 5Activation of maturation phase-specific promoters is delayed in *ap2* mutants. **a**--**d** Wild-type (**a**, **b**) and *ap2* (**c**, **d**) embryos with the *β-CG:GUS* transgene at the indicated DAP stained for GUS activity. **e**--**h** Embryos from crosses between wild-type (**e**, **g**, **i**, **j**) or *ap2* mutant (**f**, **h**, **k**) females and *β-CG:GUS* (**e**--**h**) or *OLE:GUS* (**i**--**k**) males were stained for GUS activity. Histograms show the number of embryos of a given size (indicated by cotyledon width) at a specific DAP. For each size class, the proportion of embryos exhibiting a given intensity of GUS staining is represented, with *red* indicating the strongest staining and white representing unstained embryos. Unlike wild type, most *ap2* embryos containing the *βCG:GUS* transgene were not strongly stained at 9 DAP, but stained intensely at 10 DAP. Similarly, *ap2* embryos containing the *OLE:GUS* transgene were not strongly stained at 8 DAP, but stained intensely at 9 DAP. *Bar* = 100 μmTable 2Activation of maturation gene promoters is delayed in *ap2* endospermTransgeneGenotypePercentage of seed with GUS-stained endosperm8 DAP9 DAP10 DAP11 DAP*βCG:GUS*WT0 (53)^a^59 (90)95 (87)100 (92)*βCG:GUSap2-7*0 (61)0 (91)67 (91)76 (83)*OLE:GUS*WT2 (91)65 (91)97 (91)ND*OLE:GUSap2-7*0 (100)37 (100)94 (85)ND*ND* Not determined^a^Numbers of seeds analyzed

Effect of the *ap2* mutation on cell proliferation {#Sec11}
--------------------------------------------------

We determined when cell division became suppressed in *ap2* relative to wild-type seeds as an independent marker for onset of the maturation phase. Cell proliferation is largely inhibited in the embryo and endosperm during this period (Harada [@CR14]; Raz et al. [@CR31]; Olsen [@CR30]). We used a *CycB1;1:GUS* gene that is active specifically during the G2 to M transition of the cell cycle (Colon-Carmona et al. [@CR8]). As shown in Fig. [6](#Fig6){ref-type="fig"}a, c, and summarized in Fig. [6](#Fig6){ref-type="fig"}e, g, i, wild-type embryos stained weakly for GUS activity at 9 DAP, and this staining level decreased until 10 DAP when GUS activity was nearly undetectable. By contrast, Fig. [6](#Fig6){ref-type="fig"}b, d, f, h, j show that *ap2* embryos stained for GUS activity more intensely than wild-type embryos of the same size and at the same DAP. These results suggest that cell proliferation continues later in development in *ap2* versus wild-type embryos. Consistent with this interpretation, the cross-sectional areas of cleared, ground tissue cells from the axes of *ap2* and wild-type embryos at 9 DAP were 216 ± 12 μm^2^ (*n* = 179, 9 embryos) and 238 ± 15 μm^2^ (*n* = 167, 9 embryos), respectively. Because embryos of both genotypes were of similar size at 9 DAP (see Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}) and mature *ap2* embryos have 40% more cells than wild type (Ohto et al. [@CR27]), this result suggests that cell division occurs more extensively in *ap2* than wild-type embryos after 9 DAP.Fig. 6*ap2* mutation causes elevated and persistent *CycB1;1:GUS* expression during embryo development. **a**--**d** Wild-type (**a**, **c**) and *ap2* (**b**, **d**) embryos with *CycB1;1:GUS* stained for GUS activity at the indicated DAP. **e**--**j** Embryos obtained from crosses between wild-type (**e**, **g**, **i**) and *ap2* (**f**, **h**, **j**) females and *CycB1;1:GUS* males were stained for GUS activity at the indicated DAP. Embryos from three to four siliques were analyzed at each time point. Similar results were obtained whether *CycB1;1:GUS* was contributed by the maternal or paternal parent. Data presentation is as described in Fig. [5](#Fig5){ref-type="fig"}. *Bar* = 100 μm

Cell division in the endosperm also persisted later in development in *ap2* versus wild-type seeds. Although most endosperm cells form as a result of cellularization of the syncytium, periclinal cell divisions occur at the periphery of the cellularized endosperm, forming successive layers of endosperm cells (Fig. [3](#Fig3){ref-type="fig"}o, p; Brown et al. [@CR7]). Figure [7](#Fig7){ref-type="fig"}a--d, shows that *CycB1;1* promoter activity was suppressed earlier during development of wild-type versus *ap2* endosperm. Thus, consistent with the activities of seed protein promoters, these results suggest the onset of the maturation phase is delayed in *ap2* seeds.Fig. 7Extended period of *CycB1;1:GUS* activity during endosperm development in *ap2* mutants. **a**--**c** Endosperm and seed coat fraction of developing wild-type (**a**) and *ap2* (**b**, **c**) seeds were stained for GUS activity at the indicated DAPs. Wild-type seeds typically showed one blue spot at 8 DAP, whereas *ap2* seeds showed one to three spots at 10 DAP. **d** Percentage of GUS-stained endosperm/seed coats. At 8 and 10 DAP, *n* = 120 and 117, respectively, for wild-type endosperm/seed coat and *n* = 124 and 135, respectively, for *ap2* endosperm/seed coats. Seeds were derived from a cross between wild-type or *ap2* mutant females and wild-type males: all plants were homozygous for *CycB1;1:GUS*. *Bar* = 100 μm

We showed previously that the ratio of hexose ([d]{.smallcaps}-glucose and [d]{.smallcaps}-fructose) to sucrose, normally high during the morphogenesis phase, remains elevated later in *ap2* seed development than in wild type (Ohto et al. [@CR27]). Because a high hexose to sucrose ratio promotes cell division (Weber et al. [@CR38]), we postulated AP2 controls cell proliferation in developing seeds, in part, through its effect on sugar metabolism (Ohto et al. [@CR27]). To examine the effect of sugars on embryo cell proliferation, we cultured 8 DAP wild-type embryos containing the *CycB1;1:GUS* gene in medium with different ratios of hexose to sucrose. Embryos cultured in medium with a high hexose to sucrose ratio (Fig. [8](#Fig8){ref-type="fig"}a) exhibited substantially more *CycB1;1* promoter activity than those cultured in high sucrose (Fig. [8](#Fig8){ref-type="fig"}b), suggesting cell proliferation in *Arabidopsis* embryos can be affected by sugar composition.Fig. 8Effect of sugar composition on *CycB1;1::GUS* activity in developing embryos. Excised wild-type embryos with *CycB1;1::GUS* at 8 DAP were cultured in medium with a high ratio of hexose to sucrose (**a**) or high sucrose concentration (**b**). Approximately 48, 37, and 15%, respectively, of embryos cultured in medium with a high hexose to sucrose ratio exhibited high (similar to (**a**)), medium, and low (similar to (**b**)) staining, whereas embryos cultured in high sucrose medium displayed either low (87%) or medium (13%) intensity staining. *Bar* = 100 μm

*AP2* and parent-of-origin effects on seed size {#Sec12}
-----------------------------------------------

We analyzed the effects of the *ap2* mutation on seed development to determine if there were similarities with parent-of-origin effects on seed size resulting from interploidy crosses or crosses involving mutants defective in the *MET1* gene (Scott et al. [@CR34]; Vinkenoog et al. [@CR37]; Luo et al. [@CR24]; Adams et al. [@CR1]). Because endosperm nuclei proliferation correlates with seed size in interploidy crosses, we counted endosperm nuclei. Table [3](#Tab3){ref-type="table"} shows *ap2* endosperm nuclei number was lower than wild-type at 3 DAP and did not differ significantly from wild type at 6 DAP. Thus, by contrast to seeds undergoing parent-of-origin effects on seed size that display endosperm overgrowth (Scott et al. [@CR34]), *ap2* mutants did not exhibit overproliferation of endosperm nuclei.Table 3Endosperm nuclei do not overproliferate in *ap2* seedsGenotypeDAPEndosperm nuclei no.^a^Embryo size^a^Embryo stage*n*^b^WT3133 ± 37^c^29.5 ± 3.6^d,e^Globular15*ap2-7*384 ± 27^c^24.2 ± 2.5^d,e^Octant/globular14WT6394 ± 11212 ± 20^f^Linear cotyledon3*ap2-7*6399 ± 11215 ± 12^f^Linear cotyledon5^ga^Mean ± standard deviation^b^Number of seeds^c^Differs at the \<0.001 significance level^d^Differs at the \<0.001 significance level^e^Width of embryo proper^f^Length of embryo was measured^g^*ap2* seeds with the most developmentally advanced embryos and the highest number of endosperm nuclei were used

We analyzed genetic interactions between *AP2* and *MET1*, because parent-of-origin effects on endosperm development are mediated, in part, through DNA methylation (Vinkenoog et al. [@CR37]; Luo et al. [@CR24]; Adams et al. [@CR1]). Wild-type female plants crossed with male plants heterozygous for the *met1* mutation produced two size classes of seeds: one equivalent to wild type and the other that was smaller (Fig. [9](#Fig9){ref-type="fig"}a). This result was consistent with other reports that fertilization with the paternal *met1* mutation results in smaller seed size (Adams et al. [@CR1]; Xiao et al. [@CR42]). Figure [9](#Fig9){ref-type="fig"}d shows that pollination of *ap2* females with male *met1* heterozygotes resulted in a range of seed sizes, some equivalent to those produced in a cross between *ap2* mutant females and wild-type male plants (Fig. [9](#Fig9){ref-type="fig"}c) and others that were smaller. We interpret these results to indicate that pollination of *ap2* mutant females with *met1* pollen resulted in seeds intermediate in size between large seeds resulting from a cross of *ap2* mutant females with wild-type pollen and the small seeds from the wild-type female by *met1* pollen cross, suggesting an additive rather than an epistatic interactions between *AP2* and *MET1*. These results suggest that AP2 does not affect seed size through parent-of-origin effects on DNA methylation.Fig. 9Effects of hypomethylation of pollen DNA on seed size in *ap2* mutants and wild type. Histograms show the distributions of seed sizes at 13 DAP obtained from crosses between the following genotypes. **a** Wild-type female, homozygous wild-type male. **b** Wild-type female, heterozygous *met1* mutant male. **c***ap2* mutant female, wild-type male. **d***ap2* mutant female, heterozygous *met1* mutant male

Discussion {#Sec13}
==========

Endosperm size is affected by the AP2 mutation {#Sec14}
----------------------------------------------

*ap2* mutant females produce larger seeds and mature embryos with more cells and larger cells than wild type (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). We analyzed the effects of the *ap2* mutation on seed development to obtain insight into the mechanisms by which AP2 controls seed size. Our findings suggest AP2 normally suppresses endosperm growth, with *ap2* mutants having a larger endosperm than wild type (Fig. [3](#Fig3){ref-type="fig"}). Specifically, AP2 appears to restrict the lengths of the rapid growth period early in seed development before endosperm cellularization (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}) and the moderate growth period resulting from periclinal cell divisions at the periphery of the endosperm later in seed development (Figs. [3](#Fig3){ref-type="fig"}, [7](#Fig7){ref-type="fig"}). Our results are consistent with reports showing that the size attained by the endosperm syncytium early in seed development appears to be a major determinant of seed size (Boisnard-Lorig et al. [@CR4]) and that mutations that alter seed size cause changes in endosperm size primarily during the period of early endosperm growth (Garcia et al. [@CR12]).

Two aspects of the mutant phenotype offer potential insights into the mechanisms by which AP2 suppresses endosperm expansion. First, the endosperm vacuole achieved a larger size and persisted later in development in *ap2* mutant than in wild-type seeds (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). Retention of a large vacuole during endosperm cellularlization in *ap2* mutants appears to correlate with the increase in endosperm size observed early in seed development (Figs. [1](#Fig1){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}). Because plant cell expansion is generally driven by turgor pressure determined by the water content of the vacuole, this result opens the possibility that AP2 functions to suppress endosperm vacuole size, thus restricting overall endosperm growth. Second, initiation of syncytial endosperm cellularization is delayed 1 day in *ap2* mutants compared with wild type (Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}), suggesting AP2 acts indirectly to control the timing of endosperm cellularization. There is a strong correlation between precocious and delayed cellularization and endosperm undergrowth and overgrowth, respectively (Scott et al. [@CR34]; Garcia et al. [@CR11]; Kang et al. [@CR20]), although no direct relationship has been demonstrated.

The conclusion that the effect of AP2 on endosperm development, in part, underlies its effect on seed size suggests maternally acting AP2 functions indirectly to control endosperm development. One potential explanation is that the effect of AP2 on sugar composition may affect endosperm vacuole size. We showed previously that hexose levels are higher in *ap2* than wild-type seeds between 5 and 13 DAP during seed development (Ohto et al. [@CR27]). We speculated that AP2 may regulate the activity of enzymes involved in converting sucrose to hexoses in the seed coat, such as cell wall-bound invertases, thus controlling the composition of maternally supplied sugars transported to the embryo and endosperm, although another report suggests sugar composition is determined within the endosperm vacuole in *B. napus* (Morley-Smith et al. [@CR26]). It is possible that the increased size of the *ap2* endosperm vacuole relative to wild type observed at 6 and 7 DAP (Fig. [4](#Fig4){ref-type="fig"}) may result in part from higher hexose accumulation in *ap2* versus wild type endosperm vacuoles. Consistent with this possibility, a recent report suggests that hexose derived from maternally supplied sucrose accumulates primarily within the endosperm vacuole early in *Brassica napus* seed development (Morley-Smith et al. [@CR26]). A second potential explanation derives from our observation that integument cells are longer in *ap2* seed coats compared with wild type. Thus, AP2 may directly suppress integument cell elongation to limit expansion of the postfertilization embryo sac, potentially restricting endosperm size.

AP2 affects embryo mass {#Sec15}
-----------------------

AP2 suppresses embryo size, affecting both embryo cell number and size (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). We hypothesize that the suppression of endosperm and/or seed coat growth by AP2 limits the volume of the postfertilization embryo sac, thus creating a physical constraint limiting embryo growth. Consistent with this idea, both *ap2* and wild-type embryos completely fill their respective postfertilization embryo sacs at maturity even though the embryos differ in size (Fig. [1](#Fig1){ref-type="fig"}). An alternate possibility, not exclusive of the former, is that because the endosperm supplies nutrients for the developing embryo (Lopes and Larkins [@CR23]; Hirner et al. [@CR16]; Baud et al. [@CR2]), a smaller endosperm limits resource availability, restricting embryo growth.

Our results suggest that the period of embryo cell proliferation is extended in *ap2* mutants relative to wild type (Fig. [6](#Fig6){ref-type="fig"}), likely accounting for the larger number of cells in the *ap2* embryo. This longer period of embryo cell proliferation could result from the effect of the *ap2* mutation on sugar composition in seeds. Studies with favabean embryos determined that a high hexose to sucrose ratio promotes cell proliferation during the morphogenesis phase (Weber et al. [@CR38]). *ap2* mutants maintain a high hexose to sucrose ratio later in seed development than wild-type seeds, and the extended period of cell proliferation in *ap2* embryos correlates with the time period in which the hexose to sucrose ratio remains high (Ohto et al. [@CR27]). Although a recent report inferred that *B. napus* embryos were not directly exposed to the high hexose to sucrose ratio characteristic of whole seeds (Morley-Smith et al. [@CR26]), we showed wild-type embryos cultured under high hexose to sucrose conditions continued to proliferate, whereas those cultured in high sucrose did not (Fig. [8](#Fig8){ref-type="fig"}).

The larger cells of mature *ap2* embryos may be a consequence of the extended period of seed development in *ap2* mutants. Although the maturation phase, as judged by the activities of storage protein and oleosin promoters, begins approximately 1 day later in *ap2* embryos, the total length of seed development is extended from 17.5 days in wild type to 20 days in *ap2* seeds. Consistent with this observation, wild-type and ap2 embryos are approximately the same size at 8--9 DAP (Figs. [1](#Fig1){ref-type="fig"}, [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}), whereas mature *ap2* embryos are approximately 1.8-fold larger than wild type (Ohto et al. [@CR27]). The increase in *ap2* embryo size relative to wild type occurred primarily during the maturation phase after 8--9 DAP, consistent with the finding *ap2* seeds possess more storage protein and lipid than wild type (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). Thus, *ap2* embryos have a longer period to accumulate storage reserves and undergo cell expansion, potentially accounting for the increase in embryo cell size.

Conclusions {#Sec16}
===========

We have shown that AP2 acts to control seed size through its effects on embryo, endosperm and seed coat development. AP2 represses endosperm growth early in seed development, potentially by limiting endosperm vacuole growth, controlling the timing of endosperm cellularization, and/or by restricting seed coat integument cell elongation. We propose that endosperm growth and/or integument cell elongation determine the size of the postfertilization embryo sac, which places a physical constraint on embryo growth. AP2 appears to influence embryo growth both by controlling the duration of the cell proliferation phase and the length of the maturation phase late in seed development.

We and others showed previously that AP2 acts maternally to control seed size, although another report suggested that AP2 activity in the endosperm has a minor effect on seed size (Jofuku et al. [@CR19]; Ohto et al. [@CR27]). Our genetic studies confirmed that AP2 acts independently of parent-of-origin effects on DNA methylation in controlling seed size (Fig. [9](#Fig9){ref-type="fig"}). Interactions between the maternal seed coat and zygotic embryo and endosperm have been shown to affect seed size (Garcia et al. [@CR12]; Ungru et al. [@CR35]). However, it is unclear how AP2 act maternally to affect embryo and endosperm development. One possibility is that the effects of AP2 on sugar composition, potentially within the seed coat, could be a common factor underlying the control of endosperm and embryo growth. This possibility is consistent with other reports showing that hexose to sucrose ratios early in seed development appear to be controlled by the maternal seed coat in legumes (reviewed by Weber et al. [@CR39]). Alternatively, AP2 could affect seed size by controlling integument cell elongation in the seed coat. Additional experiments are needed to understand how AP2 affects seed development and seed size at a mechanistic level.
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